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ABSTRACT

This guide provides information on how the National Electrical Code (NEC) applies
to photovoltaic systems. The guide is not intended to supplant or replace the NEC; it
paraphrases the NEC where it pertains to photovoltaic systems and should be used with
the full text of the NEC. Users of this guide should be thoroughly familiar with the NEC
and know the engineering principles and hazards associated with electrical and
photovoltaic power systems. The information in this guide is the best available at the
time of publication and is believed to be technically accurate; it will be updated
frequently. Application of this information and results obtained are the responsibility
of the user.

National Electrical Code® and NEC ® are registered trademarks of the National Fire Protection Association, Inc., Quincy,
Massachusetts 02269
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PURPOSE

The National Electrical Code including the 1996 National Electrical Code is published
and updated every three years by the National Fire Protection Association (NFPA),
Batterymarch Park, Quincy, Massachusetts 02269. The National Electrical Code and the
term NEC are registered trademarks of the National Fire Protection Association and
may not be used without their permission. Copies of the 1996 National Electrical Code
are available from the NFPA at the above address, most electrical supply distributors,
and many bookstores.

In most locations, all electrical wiring including photovoltaic power systems must
be accomplished by a licensed electrician and inspected by a designated local authority.
Some municipalities have more stringent codes that supplement or replace the NEC.
The local inspector has the final say on what is acceptable. In some areas, compliance
with codes is not required.
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PHOTOVOLTAIC POWER SYSTEMS
AND
THE NATIONAL ELECTRICAL CODE

SUGGESTED PRACTICES

OBJECTIVE
e SAFE, RELIABLE, DURABLE PHOTOVOLTAIC POWER SYSTEMS

¢ KNOWLEDGEABLE MANUFACTURERS, DEALERS, INSTALLERS,
CONSUMERS, AND INSPECTORS

METHOD
e WIDE DISSEMINATION OF THESE SUGGESTIONS

e TECHNICAL INTERCHANGE BETWEEN INTERESTED PARTIES

INTRODUCTION

The National Fire Protection Association has acted as sponsor of the National
Electrical Code (NEC ) since 1911. The original Code document was developed in 1897.
With few exceptions, electrical power systems installed in the United States in this
century have had to comply with the NEC . This includes many photovoltaic (PV)
power systems. In 1984, Article 690, which addresses safety standards for installation of
PV systems, was added to the Code. This article has been revised and expanded in the
1987, 1990, 1993, and 1996 editions.

Many of the PV systems in use and being installed today may not be in compliance
with the NEC and other local codes. There are several contributing factors to this

situation:




* The PV industry has a strong “grass roots,” do-it-yourself faction that is not
tully aware of the dangers associated with low-voltage, direct-current (dc), PV-
power systems.

* Some people in the PV community may believe that PV systems below 50 volts
are not covered by the NEC .

* Electrical inspectors have not had significant experience with direct-current
portions of the Code or PV power systems.

* The electrical equipment industries do not advertise or widely distribute
equipment suitable for dc use that meets NEC requirements.

¢ Popular publications are presenting information to the public that implies that
PV systems are easily installed, modified, and maintained by untrained
personnel.

* Photovoltaic equipment manufacturers have been generally unable to afford
the costs associated with testing and listing by approved testing laboratories
like Underwriters Laboratories or ETL.

* Photovoltaic installers and dealers in many cases have not had significant
experience installing ac residential and /or commercial power systems.

Not all systems are unsafe. Some PV installers in the United States are licensed or
use licensed electrical contractors and are familiar with all sections of the NEC . These
installer/contractors are installing reliable PV systems that meet the National Electrical
Code and minimize the hazards associated with electrical power systems. However,
many PV installations have numerous defects and may not meet the 1996 Code. Some

of the more prominent problems are listed below.



Improper ampacity of conductors

Improper insulation on conductors

Unsafe wiring methods

No overcurrent protection on many conductors

Inadequate number and placement of disconnects

Improper application of listed equipment

No short-circuit current protection on battery systems

Use of non-approved components when approved components are available
Improper system grounding

Lack of equipment grounding

Use of underrated components

Unsafe use of batteries

Use of ac components (fuses and switches) in dc applications

The Code may apply to any PV systems regardless of size or location. A single PV
module may not present a hazard, and a small system in a remote location may present
few safety hazards because people are seldom in the area. On the other hand, two or
three modules connected to a battery can be lethal if not installed and operated
properly. A single deep-cycle storage battery (6 volts, 220 amp-hours) can discharge
about 8,000 amps into a short-circuit. Systems with voltages of 50 volts or higher
present shock hazards. Short circuits on lower voltage systems present fire and
equipment hazards. Storage batteries can be dangerous; hydrogen gas and acid residue
from lead-acid batteries must be dealt with safely.

The problems are compounded because, unlike ac systems, there are few UL-
Listed components that can be easily “plugged” together to make a PV system.
Connectors and devices do not have mating inputs or outputs, and the knowledge and
understanding of "what works with what" is not second nature to the installer. The dc

“cookbook” of knowledge does not yet exist.




To meet the objective of safe, reliable, durable photovoltaic power systems, the

following suggestions are made:

* Dealer-installers of PV systems become familiar with the NEC methods of
wiring residential and commercial ac power systems.

* Al PV installations be inspected, where required, by the local inspection
authority in the same manner as other equivalent electrical systems.

¢ Photovoltaic equipment manufacturers build equipment to UL or other
recognized standards and have equipment tested and listed when practical.

* Listed or recognized subcomponents be used in assembled equipment where
formal testing and listing is not possible.

* Electrical equipment manufacturers produce, distribute, and advertise, listed,
reasonably priced, dc-rated components.

* Electrical inspectors become familiar with dc and PV systems.

¢ The PV industry educate the public, modify advertising, and encourage all
installers to comply with the NEC.

* All persons installing PV systems obtain and study the current National
Electrical Code.

* Existing PV installations be upgraded to comply with the NEC or modified to
meet minimum safety standards.

RECOMMENDED PRACTICES
Scope and Purpose of the NEC

Some local inspection authorities use regional electrical codes, but most
jurisdictions use the National Electrical Code—sometimes with slight modifications. The
NEC states that adherence to the recommendations made will reduce the hazards
associated with electrical installations. The NEC also says these recommendations may
not lead to improvements in efficiency, convenience, or adequacy for good service or

future expansion of electrical use [90-1]. (Numbers in brackets refer to sections in the

NEC )



The National Electrical Code addresses nearly all PV power installations, even those
with voltages less than 50 volts. It covers stand-alone and grid-connected systems. It
covers billboards, other remote applications, floating buildings, and recreational
vehicles (RV) [90-2(a), 690, 720]. The Code deals with any PV system that produces
power and has external wiring or electrical components or contacts accessible to the
untrained and unqualified person.

There are some exceptions. The National Electrical Code does not cover installations
in automobiles, railway cars, boats, or on utility company properties used for power
generation [90-2(b)]. It also does not cover micropower systems used in watches,
calculators, or self-contained electronic equipment that have no external electrical
wiring or contacts.

Article 690 of the NEC specifically deals with PV systems, but many other sections
of the NEC contain requirements for any electrical system including PV systems [90-2,
720]. When there is a conflict between Article 690 of the NEC and any other article,
Article 690 takes precedence [690-3].

The NEC suggests, and most inspection officials require, that equipment
identified, listed, labeled, or tested by an approved testing laboratory be used when
available [90-7,100,110-3]. Three of the several national testing organizations are the
Underwriters Laboratories (UL), Factory Mutual Research (FM), and ETL Testing
Laboratories, Inc. Underwriters Laboratories and UL are registered trademarks of
Underwriters Laboratories Inc., 333 Pfingsten Road, Northbrook, IL 60062.

Most building and electrical inspectors expect to see UL on electrical products used
in electrical systems in the United States. This presents a problem for some in the PV
industry, because low production rates do not yet justify the costs of testing and listing
by UL or other laboratory. Some manufacturers claim their product specifications
exceed those required by the testing organizations, but inspectors readily admit to not

having the expertise, time, or funding to validate these unlabeled items.




THIS GUIDE

The recommended installation practices contained in this guide progress from the
photovoltaic modules to the electrical outlets. For each component, NEC requirements
are addressed, and the appropriate Code sections are referenced in brackets. A
sentence, phrase, or paragraph followed by a NEC reference refers to a requirement
established by the NEC . The words “will,” “shall,” or “must” also refer to NEC
requirements. Suggestions based on field experience with PV systems are worded as
such and will use the word “should.” The availability of approved components is
noted, and alternatives are discussed.

Appendix A lists sources for dc-rated and identified, listed, or approved products,
and reference to the products is made as they are discussed.

Other appendices address details and issues associated with implementing the

NEC in PV installations. Examples are included.

PHOTOVOLTAIC MODULES

Five manufacturers, ASE Americas, Photocomm Solavolt, Siemens, Solarex, and
Tideland Signal Corp., offer listed modules at the present time. Other manufacturers
are considering having their PV modules listed by an approved national testing
laboratory.

Methods of connecting wiring to the modules vary from manufacturer to
manufacturer. The NEC does not require conduit, but local jurisdictions, particularly in
commercial installations, may require conduit. The Code requires strain relief be
provided for connecting wires. If the module has a closed weatherproof junction box,
strain relief and moisture-tight clamps should be used in any knockouts provided for

field wiring. Where the weather-resistant gaskets are a part of the junction box, the



manufacturer’s instructions must be followed to ensure proper strain relief and
weatherproofing [110-3(b), UL Standard 1703]. Figure 1 shows various types of strain
reliefs. The one on the left is a basic cable clamp for interior use with nonmetallic
sheathed cable (Romex). The clamps in the center (T&B) and on the right are watertight
and can be used with either single or multiconductor cable—depending on the insert.

The plastic unit on the right is made by Heyco (Appendix A).

Figure 1. Strain Reliefs

Module Marking

Certain electrical information must appear on each module. If modules are not
factory marked (required by the listing agency—UL), then they should be marked at the
site to facilitate inspection and to allow the inspector to determine the requirements for
conductor ampacity and rating of overcurrent devices. See also [690-52]. The

information supplied by the manufacturer will include the following items:




Polarity of output terminals or leads

Maximum overcurrent device rating for module protection
Rated open-circuit voltage

Rated operating voltage

Rated operating current

Rated short-circuit current

Rated maximum power

Maximum permissible system voltage [690-51]

Although not required by the NEC , the temperature rating of the module terminals
must be known to determine the temperature rating of the insulation of the conductors
and how the ampacity of those conductors must be derated for temperature [110-14(c)].

Figure 2 shows a typical label that appears on the back of a module.

i .
REDE B Ea

Figure 2. Label on Typical PV Module



Module Interconnections

Copper conductors are recommended for almost all photovoltaic system wiring
[110-5]. Copper conductors have lower voltage drops and maximum resistance to
corrosion. Aluminum or copper-clad aluminum wires can be used in certain
applications, but the use of such cables is not recommended—particularly in dwellings.
All wire sizes presented in this guide refer to copper conductors.

The NEC requires No. 12 American Wire Gage (AWG) or larger conductors to be
used with systems under 50 volts [720-4]. Article 690 ampacity calculations yielding a
smaller conductor size might override Article 720 considerations, but some inspectors
are using the Article 720 requirement for dc circuits, and the Code has little information
for conductor sizes smaller than No. 14 AWG, but Section 690-31d provides some
guidance.

Single-conductor, Type UF (Underground Feeder — Identified as Sunlight
Resistant), Type SE (Service Entrance), or Type USE (Underground Service Entrance)
cables are permitted for module interconnect wiring [690-31(b)]. Stranded wire is
suggested to ease servicing of the modules after installation and for durability [690-34].
Unfortunately, single-conductor, stranded, UF sunlight-resistant cable is not readily
available, and there is some question about using the PVC insulation found on UF
cables in dc circuits in the presence of moisture [310-13 FPN]. Most UF cable has
insulation rated at 60°C. This insulation is not suitable for long-term exposure to direct
sunlight at temperatures likely to occur on roofs near PV modules. Such wire has
shown signs of deterioration after four years of exposure. Temperatures exceeding
60°C in the vicinity of the modules will preclude the use of conductors with 60°C
insulation.

The widely available Underground Service Entrance Cable (USE) is suggested as

the best cable to use for module interconnects. When made to the UL standard, it has a




90°C temperature rating and is sunlight resistant even though not commonly marked as
such. Additional markings indicating XLP or XLPE (cross-linked polyethylene) and
RHW-2 (90°C insulation when wet) ensure that the highest quality cable is being used
[Tables 310-13,16, and 17]. USE is acceptable to most electrical inspectors. The RHH
and RHW-2 designations frequently found on USE-2 cable allow its use in conduit
inside buildings. USE cable, without the other markings, does not have the fire-
retardant additives that SE cable has and cannot be used inside buildings.

Where modules are connected in parallel, the ampacity of the conductors will have
to be adjusted accordingly. The temperature derated ampacity of conductors at any
point must be at least 125 percent of the module (or array of parallel modules) rated
short-circuit current at that point [690-8(a), (b)(1)]. If flexible, two-conductor cable is
needed, electrical tray cable (Type TC) is available but must be supported in a specific
manner as outlined in the NEC [318 and 340]. TC is sunlight resistant and is generally
marked as such. Although frequently used for module interconnections, SO, SOJ, and
similar flexible, portable cables and cordage may not be sunlight resistant and are not
approved for fixed (non-portable) installations [400-7, 8]. These cables may be used to
connect tracking modules, and a "WA" marking on these or the SEO hard-service cables
indicates that they have some sunlight resistance and are listed for outdoor use. The
1996 NEC provides data that will enable these flexible cables to be properly derated for
the high temperatures found near modules [Table 690-31(c)]. Type SEO, SO, and other

flexible cables have not been tested for use in conduit.

Tracking Modules

Where there are moving parts of an array, such as a flat-plate tracker or
concentrating modules, the NEC does allow the use of Article 400, flexible cords and
cables [400-7(a), 690-31(c)]. When these types of cables are used, they should be selected

for extra-hard usage with full outdoor ratings [marked "WA" on the cable]. They
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should not be used in conduit. Temperature derating information is provided by Table
690-31c. A derating factor in the range of 0.33 to 0.58 should be used for flexible cables
used as module interconnects.

Another possibility is the use of extra flexible (475 strands) building cable type
USE-RHH-RHW. This cable is available from the major wire distributors (Appendix A).

Terminals

Crimped-ring terminals are suggested in the module junction box to ensure that all
strands of the conductor are connected to the screw terminal. If captive screws are
used, then fork-type crimped terminals can be used, but no more than two should be
used on any one screw.

Light-duty crimping tools designed for crimping smaller wires used in electronic
components usually do not provide sufficient force to make long-lasting crimps on
connectors for PV installations even though they may be sized for No. 12-10 AWG.
Insulated terminals crimped with these light-duty crimpers frequently develop high-
resistance connections in a short time and may even fail as the wire pulls out of the
terminal. It is strongly suggested that only listed, heavy-duty industrial-type crimpers
be used for PV system wiring. Figure 3 shows four styles of crimpers. On the far left is
a stripper/crimper used for electronics work that will crimp only insulated terminals.
Second from the left is a stripper/crimper that can make crimps on both insulated and
uninsulated terminals. The pen points to the dies used for uninsulated terminals. With
some care, this crimper can be used to crimp uninsulated terminals on PV systems if the
terminals are soldered after the crimp. The two crimpers on the right are listed, heavy-
duty industrial designs with ratcheting jaws and interchangeable dies that will provide
the highest quality connections. They are usually available from electrical supply

houses.
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Figure 3. Terminal Crimpers

Figure 4 shows some examples of insulated and uninsulated terminals. In general,
uninsulated terminals are preferred (with insulation applied later if required), but care
must be exercised to obtain the heavier, more reliable UL-Listed terminals and not
unlisted electronic or automotive grades. Again, an electrical supply house rather than
an electronic or automotive parts store is the place to find the required items. Although
time consuming, the crimping and soldering technique should be considered to ensure
the connections last as long as the modules themselves. If the junction box provides
box-style pressure terminals, it is not necessary to use the crimped and soldered

terminals.

12



Figure 4. Insulated and Uninsulated Terminals.

Transition Wiring

Because of the relatively high cost of USE and TC cables and wire, they are usually
connected to less expensive cable at the first junction box leading to an interior location.
All PV system wiring must be made using one of the methods included in the NEC
[690-31, Chapter 3]. Single-conductor, exposed wiring is not permitted except for
module wiring or with special permission [Chapter 3]. The most common methods
used for PV systems are individual conductors in electrical metallic tubing (EMT) and
nonmetallic conduit and nonmetallic sheathed cable.

Where individual conductors are used in conduit, they should be conductors with
at least 90°C insulation such as RHW-2 or XHHW-2. Conduits installed in exposed
locations are considered to be installed in wet locations [100-Locations]. These conduits

may have water entrapped in low spots and therefore only conductors with wet ratings
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are acceptable in conduits that are in exposed or buried locations. The conduit can be
either thick-wall or thin-wall electrical metallic tubing (EMT) [348], and if rigid,
nonmetallic conduit is used, electrical (gray) PVC (Schedule 40 or Schedule 80) rather
than plumbing (white) PVC tubing must be used [347].

Two-conductor (with ground) UF cable that is marked sunlight resistant is
frequently used between the module interconnect wiring and the PV disconnect device.
Black is the preferred color because of higher resistance to ultraviolet light, but the gray
color seems durable because of the insulation associated with the jacket on the cable.
Splices from the stranded wire to this wire when located outside must be protected in
rain-proof junction boxes such as NEMA type 3R. Cable clamps must also be used.
Figure 5 shows a rain-proof box with a pressure connector terminal strip installed for
module wiring connections. The box penetrations (holes for screws) should be sealed
with silicon rubber. Cable clamps used with this box must be listed for outdoor use.

Interior exposed cable runs can be made only with sheathed cable types such as
NM, NMC, and UF. The cable should not be subjected to physical abuse. If abuse is
possible, physical protection must be provided [300-4, 336 B, 339]. Exposed single-
conductor cable (commonly used between batteries and inverters) shall not be used—

except as module interconnect conductors [300-3(a)].

14



Figure 5. Listed Rain-proof Junction Box with
Listed, Custom Terminal Strip

WIRING
Module Connectors

Module connectors that are concealed at the time of installation must be able to
resist the environment, be polarized, and be able to handle the short-circuit current.
They shall also be of a latching design with the terminals guarded. The equipment-
grounding member, if used, shall make first and break last [690-32, 33]. The UL
standard also requires that the connectors for positive and negative conductors shall

not be interchangeable.
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Module Connection Access

All junction boxes and other locations where module wiring connections are made
shall be accessible. Removable modules and stranded wiring may allow accessibility
[690-34]. The modules should not be permanently fixed (welded) to mounting frames,
and solid wire that could break when modules are moved to service the junction boxes
should not be used. Open spaces behind the modules would allow access to the

junction boxes.

Splices

All splices (other than the connectors mentioned above) must be made in
approved junction boxes with an approved splicing method. Conductors must be
twisted firmly to make a good electrical and mechanical connection, then brazed,
welded, or soldered, and then taped [110-14(b)]. Although solder has a higher
resistivity than copper, a rosin-fluxed, soldered splice will have slightly lower electrical
resistance, and potentially higher resistance to corrosion than an unsoldered splice.
Mechanical splicing devices such as split-bolt connectors or terminal strips are also
acceptable. Crimped splicing connectors may also be used if listed splicing devices and
listed, heavy-duty crimpers are used.

If the highest reliability is needed, then exothermic welding should be used for
splices. Also, properly used box-type pressure connectors (Figure 7) give high
reliability. Fuse blocks, fused disconnects, and circuit breakers are available with these
pressure connectors.

Twist-on wire connectors (approved for splicing wires) have not proved adequate
when used on low-voltage (12-50 volts) or high-current PV systems because of thermal
stress and oxidation of the contacts. These devices are not usually listed for outdoor

environments or in junction boxes that may be exposed to moisture.

16



Where several modules are connected in series and parallel, a terminal block or
bus bar arrangement must be used so that one source circuit can be disconnected
without disconnecting the grounded (on grounded systems) conductor of other source
circuits [690-4(c)]. On grounded systems, this indicates that the popular “Daisy Chain”
method of connecting modules may not always be acceptable, because removing one
module in the chain may disconnect the grounded conductor for all of those modules in
other parallel chains or source circuits. This becomes more critical on larger systems
where paralleled sets of long series strings of modules are used. Figure 6 shows
unacceptable and acceptable methods. Generally, 12- and 24-volt systems can be daisy
chained, but higher voltage systems should not be.

Several different types of terminal blocks and strips are shown in Figure 7. The

larger blocks are made by Marathon (Appendix A).

Bus Bar

H f e
Source Source Source Source
Circuit Circuit Circuit Circuit

1 2 1 2
. H . .
N\ VAN I I
Unacceptable Daisy Chain Acceptable Bus Bar
S4NECE

Figure 6. Module Interconnect Methods.

17




Figure 7. Power Splicing Blocks and Terminal Strips.

Conductor Color Codes

The NEC established color codes for electrical power systems many years before
either the automobile or electronics industries had standardized color codes. PV
systems are being installed in the arena covered by the NEC and, therefore, must
comply with NEC standards that apply to both ac and dc power systems. In a system
where one conductor is grounded, the insulation on all grounded conductors must be
white or natural gray or be any color except green if marked with white plastic tape or
paint at each termination (marking allowed only on conductors larger than 6 AWG).
Conductors used for module frame grounding and other exposed metal equipment
grounding must be bare (no insulation) or have green or green with yellow-striped
insulation or identification [200-6, 7; 210-5].

The NEC requirements specify that the grounded conductor be white. In most
PV-powered systems that are grounded, the grounded conductor is the negative
conductor. Telephone systems that use positive grounds require special circuits when

powered by PV systems that have negative grounds. In a PV system where the array is
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center tapped, the center tap or neutral must be grounded [690-41], and this becomes
the white conductor. There is no NEC requirement designating the color of the
ungrounded conductor, but the convention in power wiring is that the first two
ungrounded conductors are colored black and red. This suggests that in two-wire,
negative-grounded PV systems, the positive conductor could be red or any color with a
red marking except green or white, and the negative grounded conductor must be
white. In a three-wire, center-tapped system, the positive conductor could be red, the
grounded center tap conductor must be white and the negative conductor could be
black.

The 1996 NEC allows grounded (non-white) array conductors, such as USE or SE

that are smaller than No. 6 AWG, to be marked with a white marker [200-6].

Battery Cables

Battery cables, even though they can be No. 2/0 AWG and larger, must be of
standard building-wire type conductor [Chapter 3]. Welding and automobile “battery”
cables are not allowed. Flexible, highly-stranded, building-wire type cables (USE-
RWH) are available for this use. Flexible cables, identified in Section 400 of the NEC are
allowed from the battery terminals to a nearby junction box and between battery cells

[690-74].

GROUND-FAULT PROTECTION AND ARRAY DISABLEMENT
Ground-Faults

Article 690-5 of the NEC requires a ground-fault detection, interruption, and array
disablement (GFID) device for fire protection if the PV arrays are mounted on roofs of
dwellings. Ground-mounted arrays are not required to have this device. Several
devices to meet this requirement are under development, but none are commercially

available. These particular devices may require that the system grounding conductor
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be routed through the device. To keep costs to a minimum, the devices under

development may replace the PV disconnect switch and may incorporate the following

functions:
e Manual PV disconnect switch
¢  Ground-fault detection
¢ Ground-fault interruption
¢ Array disablement
®

Array wiring overcurrent protection

Ground-fault detection, interruption, and array disablement devices might,

depending on the particular design, accomplish the following actions automatically:

* Sense ground-fault currents exceeding a specified value
* Interrupt or significantly reduce the fault currents

* Open the circuit between the array and the load

¢ Short the array or subarray

These actions would reduce the array voltages to nearly zero (minimizing human
shock hazards and equipment damage) and would serve to direct the fault currents
away from the fault path and back into the normal conductors. For fault location and

repair, the array shorting device would have to be opened.

Ground-fault devices have been developed for some grid-tied inverters and stand-

alone systems, and others are under development. If a version of the NEC specifies
equipment that is not commercially available, the authority having jurisdiction may

issue a waiver on the requirement [90-4].

Array Disablement

Article 690-18 requires that a mechanism be provided to disable portions of the
array or the entire array. The term "disable" has several meanings, and the NEC is not
clear on what is intended. The NEC Handbook does elaborate. Disable can be defined

several ways:
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Prevent the PV system from producing any output
Reduce the output voltage to zero

Reduce the output current to zero

Divide the array into non-hazardous segments

The output could be measured at either the PV source terminals or at the load terminals.

Fire fighters are reluctant to fight a fire in a high-voltage battery room because
there is no way to turn off a battery bank unless you can somehow remove the
electrolyte. In a similar manner, the only way a PV system can have zero output at the
array terminals is by preventing light from illuminating the modules. The output
voltage may be reduced to zero by shorting the PV module or array terminals. When
this is done, short-circuit current will flow through the shorting conductor, which in a
properly wired system with bypass diodes, does no harm. The output current may be
reduced to zero by disconnecting the PV system from any load. The PV disconnect
switch would accomplish this action, but open-circuit voltages would still be present on
the array wiring and in the disconnect box. On a large system, 100 amps of short-circuit
current (with a shorted array) can be as difficult to handle as an open-circuit voltage of
600 volts.

During PV module installations, the individual PV modules can be covered to
disable them. For a system in use, the PV disconnect switch is opened during
maintenance, and the array is either short circuited or left open circuited depending on
the circumstances. In practical terms, for a large array, some provision (switch or bolted
connection) should be made to disconnect portions of the array from other sections for
servicing. As individual modules or sets of modules are serviced, they may be covered
and/or isolated and shorted to reduce the potential for electrical shock. Aside from
measuring short-circuit current, there is little that can be serviced on a module or array

when it is shorted. The circuit is usually open circuited for repairs.
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GROUNDING

The subject of grounding is one of the most confusing issues in electrical

installations. Definitions from Article 100 of the NEC will clarify the situation.

Grounded:

Grounded Conductor:

Grounding Conductor (1 and 2):

Equipment Grounding Conductor:

Grounding Electrode Conductor:

Grounding—System

Connected to the earth or to a conductor that
serves as earth.

A system conductor that normally carries
current and is intentionally grounded. In PV
systems, one conductor (normally the negative)
of a two-conductor system or the center-tapped
wire of a bipolar system is grounded.

A conductor not normally carrying current used
to: (1) connect the exposed metal portions of
equipment to the grounding electrode system or
the grounded conductor, or (2) connect the
grounded conductor to the grounding electrode
or grounding electrode system.

See Grounding Conductor (1), above.

See Grounding Conductor (2), above.

For a two-wire PV system over 50 volts (open-circuit PV-output voltage), one dc

conductor shall be grounded. In a three-wire system, the neutral or center tap of the dc

system shall be grounded [690-7, 41]. These requirements apply to both stand-alone

and grid-tied systems. Such system grounding will enhance personnel safety and

minimize the effects of lightning and other induced surges on equipment. Also,

grounding of all PV systems will reduce radio frequency noise from dc-operated

fluorescent lights and inverters.

Size of Grounding Electrode Conductor

The direct-current system-grounding electrode conductor shall not be smaller than

No. 8 AWG or the largest conductor supplied by the system [250-93]. If the conductors
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between the battery and inverter are 4/0 AWG (for example) then the conductor from
the negative conductor (assuming that this is the grounded conductor) to the grounding
electrode must be 4/0 AWG. The 1996 NEC allows exceptions to this large grounding
conductor requirement. Many PV systems can use a No. 6 AWG grounding electrode

conductor if that is the only connection to the grounding electrode [250-93].

Point of Connection

The system grounding electrode conductor for the direct-current portion of a PV
system shall be connected to the PV-output circuits toward the module-end of the
circuit [690-42, 250-22]. When this connection is made close to the modules, added
protection from surges is afforded. Disconnect switches must not open grounded
conductors [690-13]. In stand-alone PV systems, the charge controller may be
considered a part of the PV-output circuit, and the point of connecting the grounding
electrode conductor could be before or after the charge controller. But this grounding
conductor may be a very large conductor (e.g., 4/0 AWG) while the conductors to and
from the charge controller may be No. 10 AWG or smaller. Connecting the 4/0 AWG
grounding conductor on the array side of the charge controller, while providing some
degree of enhanced surge suppression from lightning induced surges, may not meet the
full intent of the grounding requirements. Connecting the grounding conductor to the
system on the battery side of the charge controller at a point where the system
conductors are the largest size will provide better system grounding at the expense of *
less lightning protection. Since the 1996 NEC allows smaller grounding electrode
conductors in certain circumstances, either grounding conductor point of connection
may be acceptable [250-93]. Figure 8 shows two possible locations for the grounding

conductor.
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Figure 8. Typical System: Possible Grounding Conductor Locations.

The NEC does not specifically define where the PV-output circuits end. Circuits

from the battery toward the load are definitely load circuits. Since the heaviest
conductors are from the battery to the inverter, and either end of these conductors is at
the same potential, then either end could be considered a point for connecting the
grounding conductor. The negative dc input to the inverter is connected to the metal

case in some stand-alone inverter designs, but this is not an appropriate place to
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connect the grounding electrode conductor and other equipment—grouhding
conductors, since this circuit is a dc-branch circuit and not a PV-output circuit.
Connection of the grounding electrode conductor to the negative battery terminal
would avoid the “large-wire/small-wire” problem outlined above.

It is imperative that there be no more than one grounding connection to the
negative conductor of a PV system. Failure to limit the connections to one (1) will
allow currents to flow in uninsulated conductors and will create unintentional ground
faults in the grounded conductor [250-21]. Future ground-fault interrupter systems

may require that this single grounding connection be made at a specific location.

Unusual Grounding Situations

Some inverter designs use the entire chassis as part of the negative circuit. Also,
the same situation exists in certain radios—automobile and shortwave. These designs
will not pass the current UL standards for consumer electrical equipment and will
probably require modification in the future since they do not provide electrical isolation
between the exterior metal surfaces and the current-carrying conductors. They also
create the very real potential for multiple grounding-conductor connections to earth
ground.

Since the case of these non-listed inverters is connected to the negative conductor
and that case must be grounded as part of the equipment ground described below, the
user has no choice whether or not the gystem is to be grounded. The system will be
grounded even if the voltage is less than 50 volts and the point of sy